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Magnitude of Binocular Vision Controlled
by Islet-2 Repression of a Genetic Program
that Specifies Laterality of Retinal Axon Pathfinding
ment et al., 1984) through a mechanism dependent upon
patterned neural activity (Wong, 1999).
The crucial pathfinding decision of RGC axons at the
OC has major functional consequences since it deter-
mines the proportion of RGCs that project ipsilaterally,
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and therefore the magnitude of binocular interactions,The Salk Institute
as well as the retinal source of ipsilaterally projectingLa Jolla, California, 92037
RGCs, and therefore the part of retinotopic map and the
visual field that participates directly in binocular vision.
The relative size of contralateral versus ipsilateral pro-
Summary
jections varies across species and relates to the overlap
in the visual fields of the eyes (O’Leary et al., 1983;
Pathfinding of retinal ganglion cell (RGC) axons at the Fukuda et al., 1989). The ipsilateral projection in mouse
midline optic chiasm determines whether RGCs pro- originates from the periphery of ventral-temporal (VT)
ject to ipsilateral or contralateral brain visual centers, retina, a region termed the VT crescent (VTC) that has
critical for binocular vision. Using Isl2tau-lacZ knockin binocular overlap of the visual field; contralaterally pro-
mice, we show that the LIM-homeodomain transcrip- jecting RGCs are found throughout retina, including the
tion factor Isl2 marks only contralaterally projecting VTC. In mice, 97%–98% of RGC axons project contralat-
RGCs. The transcription factor Zic2 and guidance re- erally and 2%–3% of RGCs project ipsilaterally (Drager
ceptor EphB1, required by RGCs to project ipsilater- and Olsen, 1980).
ally, colocalize in RGCs distinct from Isl2 RGCs in the Axon guidance molecules, including slits (Plump et
ventral-temporal crescent (VTC), the source of ipsilat- al., 2002) and ephrins (Nakagawa et al., 2000; Williams
eral projections. Isl2 knockout mice have an increased et al., 2003), influence RGC axon guidance at the OC
ipsilateral projection originating from significantly and the OC’s location along the ventral diencephalon.
more RGCs limited to the VTC. Isl2 knockouts also For example, when RGC growth cones pathfind at the
have increased Zic2 and EphB1 expression and signifi- OC, ephrin-B2 is expressed by midline glia at the OC and
cantly more Zic2 RGCs in the VTC. We conclude that an ephrin-B2 receptor, EphB1, is expressed by RGCs in
Isl2 specifies RGC laterality by repressing an ipsilateral the VTC. Blocking ephrin-B2 function in vitro decreases
pathfinding program unique to VTC RGCs and involv- RGC axon repulsion by “OC” cells, and EphB1-null mice
ing Zic2 and EphB1. This genetic hierarchy controls have a substantially diminished ipsilateral projection
binocular vision by regulating the magnitude and (Williams et al., 2003).
source of ipsilateral projections and reveals unique Studies of RGC laterality decisions at the OC sug-
retinal domains. gested intrinsic factors that control an RGC axon’s re-
sponse to guidance molecules at the OC (Colello and
Guillery, 1990; Godement et al., 1990; Marcus et al.,Introduction
1995, 2000; Wang et al., 1995). However, a recent study
of Mason and colleagues implicates for the first timeNeural systems are characterized by functional organi-
the action of a specific regulatory gene, the zinc fingerzations established during development by mechanisms
transcription factor (TF) Zic2, in determining RGC later-that specify classes of neurons and pathfinding by their
ality (Herrera et al., 2003). In the RGC layer, Zic2 expres-axons. The interdigitation of eye-specific axon connec-
sion is restricted to the VTC and is downregulated intions is a fundamental organization of the mammalian
RGCs coincident with their ipsilateral pathfinding deci-visual system (Reid, 2003). Eye-specific connections are
sion at the OC. Mice hypomorphic for Zic2 have a dimin-formed initially through the direct projections of retinal
ished ipsilateral projection, but expression of Zic2 in theganglion cells (RGCs) to dorsal thalamus and midbrain
OC region and targets of RGCs complicates interpre-and subsequently reiterated through higher order pro-
tations. However, in vitro, dorsal-temporal RGCs ectopi-jections in neocortex. Eye-specific connections are pat-
cally expressing Zic2 have increased sensitivity to in-terned to segregate inputs from the two eyes, allowing
hibitory influences of OC cells, whereas VTC RGCs
them to be brought together in selective manners to
transfected with blocking oligos to decrease Zic2 ex-
generate binocular vision. The foundation for binocular
pression extend longer axons. Together, these data pro-
vision is established during development by a critical vide compelling evidence that Zic2 activates an ipsilat-
pathfinding decision made by RGC axons at a midline eral pathfinding program in RGCs (Herrera et al., 2003).
choice point in the ventral diencephalon, resulting in In a retinotopic mapping study, we showed that the
the formation of the optic chiasm (OC) and the proper LIM homeodomain (HD) TF, Isl2, is expressed by a sub-
sorting of RGC axons to the left and right sides of the set of cells in the RGC layer (Brown et al., 2000). The
brain (Mason and Sretavan, 1997). RGC axons from the spinal cord has been a prominent model for delineating
two eyes initially overlap in their targets but gradually functions of LIM-HD TFs, including specification of neu-
segregate into eye-specific domains or layers (Gode- ron identity and axon pathfinding (Jessell, 2000); for
example, the Islet subfamily has a role in specifying the
identity of visceral motor neurons (Thaler et al., 2004).*Correspondence: doleary@salk.edu
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Figure 1. Isl2 Expression in Embryonic Mouse Retina Is Limited to Postmitotic RGCs
(A–D) Coronal sections of retina at E13.5, E14.5, E15.5, and E17.5 after in situ hybridization with an S35-labeled antisense probe against Isl2
and stained with DAPI. Sections in (B)–(D) show temporal retina. Isl2 is expressed in retinal ganglion cell (RGC) layer and has lower expression
in the VTC, the origin of the ipsilateral projection (indicated in [D]).
(E and F) Immunostained coronal sections of E15.5 retina. Higher magnification panels show single channel and merged images. Double
labeling for (E) the RGC marker, Brn3.2 (green) and Isl2 (red); (F) BrdU (green) and Isl2 (red); (E) Isl2-positive cells colocalize with Brn3.2-
positive RGCs (arrows in numbered boxed regions).
(F) Isl2 RGCs are only present in the outer cell layer where differentiated RGCs are located, whereas BrdU-positive cells are located in the
proliferative zone (PZ).
Abbreviations: D, dorsal; OD, optic disc; PE, retinal pigmented epithelium; V, ventral. Scale bar  200 m in (A)–(D), 250 m in (E) and (F),
140 m in (E), and 100 m in (F) in higher magnification panels.
Here we address potential roles for Isl2 in specifying (ON), OC, and optic tract (OT) (data not shown). In retina,
expression is first detected at E13.5 in the outer layerRGC identities, in particular the laterality of RGC projec-
tions, made possible by two lines of mice: a reporter of retina that contains the earliest generated retinal neu-
rons, RGCs (Figure 1A). Thereafter, Isl2 expression inline (Isl2tlacZ ) that selectively marks Isl2-expressing RGCs
and their axons and a line with a targeted deletion of retina remains limited to the RGC layer. At E14.5 and
E15.5, Isl2 expression exhibits a high-dorsal to low-ven-Isl2. We show that Isl2 marks a subset of RGCs through-
out the retina, including the VTC, that only projects con- tral gradient (Figures 1B and 1C). Between E13.5 and
E17.5, expression increases in peripheral retina. Bytralaterally and that Zic2 and EphB1 colocalize in RGCs
distinct from Isl2 RGCs. These findings suggest a role E17.5, strong Isl2 expression is seen throughout retina,
with the exception of weaker expression in the VTCfor Isl2 in specifying RGC laterality.
We confirm this role by showing that Isl2-null mice (Figure 1D). A similar pattern of Isl2 expression is seen
through P8 (data not shown). Double immunostaininghave an increased ipsilateral projection originating from
significantly more RGCs limited to the VTC. The in- shows that at least 94% of Isl2-positive cells colabel
with the RGC marker, Brn3.2 (Xiang, 1998), indicatingcreased ipsilateral projection in Isl2-null mice correlates
with increased expression of Zic2 and EphB1 and a that essentially all Isl2 cells are RGCs (Figure 1E). About
a third of RGCs are Isl2 positive, estimated by the ratiosignificant increase in Zic2 RGCs in the VTC. We con-
clude that in a subset of VTC RGCs, Isl2 normally re- of cells double labeled with Isl2 and Brn3.2 to all Brn3.2-
positive cells in the RGC layer (Figure 1E).presses Zic2 and EphB1, which are required for RGCs
to project ipsilaterally. Our results define a genetic hier- Double labeling using BrdU to detect proliferating
cells and immunostaining for Isl2 shows that only post-archy that regulates the magnitude and source of ipsilat-
eral retinal projections, forming the basis for binocular mitotic RGCs express Isl2. A single BrdU injection was
given between E10.5 and E15.5; embryos were analyzedvision. In addition, our findings indicate that the retina
is comprised of two genetically unique domains that 1–2 hr later. Isl2 immunopositive cells are not detected
at E10.5 to E12.5, but a high density of cells is labeledreflect and determine the laterality of their projections
to the brain. with BrdU (data not shown). Following a BrdU injection
on E13.5 to E15.5, BrdU-labeled cells are localized deep
in retina and Isl2-positive cells are preferentially foundResults
in the nascent RGC layer in outer retina and are not
labeled with BrdU (Figure 1F).Isl2 Is Selectively Expressed by a Subpopulation
of RGCs To study the axonal projections of Isl2 RGCs, we local-
ized a tau--galactosidase (tau--gal) marker in Isl2tlacZIn situ hybridization was used to analyze Isl2 expression
in mice from E12.5 to P8, focusing on retina and central mice targeted to the 3-untranslated region of the Isl2
gene, leaving Isl2 expression and function intact (Thalervisual pathways. Isl2 expression is not detected in dien-
cephalic or midbrain nuclei that receive retinal input, et al., 2004). Coincident expression of functional Isl2
protein and the tau--gal marker was ensured by usingnor along the optic pathway, including the optic nerve
Isl2 Represses Ipsilateral RGC Pathfinding
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Figure 3. Isl2-Positive RGCs Project Only Contralaterally
(A) Schematic of the visual pathway from eyes to the lateral genicu-
late nuclei (LGN) labeled with two different colors. Hashed regionsFigure 2. Selective Labeling of Isl2-Expressing RGCs and Their Ax-
in retina depict the VTC (origin of the ipsilateral projection).ons in Isl2tlacZ Mouse
(B) Coronal sections through the LGN after double full eye fills at(A–C) Isl2 expression assayed by -gal histochemistry in Isl2tlacZ
postnatal day P13 in wt mice. Innervation from both the contralateralanimals at postnatal day P2. Coronal sections through retina and
(green) and ipsilateral eye (red) is visible.subsequent X-gal staining show an even distribution of Isl2 RGCs
(C) Coronal section of the dorsal LGN in Isl2tlacZ mice at P13 doublyin nasal (A) and dorsal temporal retina (B). In contrast, the VTC
labeled with a single full eye fill, marking the entire contralateral-(boxed in [B], higher magnification in [C]) shows diminished Isl2 ex-
projecting RGC population (upper panel, green), and -gal immuno-pression.
staining marking specifically the Isl2 axon projection (upper panel,(D) Whole-mount -gal histochemistry on a P5 Isl2tlacZ brain reveals
red). The Isl2 projection exhibits a similar staining pattern as theIsl2 expression in the visual pathway. The tau--gal protein is prefer-
one from the contralateral eye, with the ipsilateral domain (asterisks)entially targeted to axons, labeling the axonal projections of Isl2
devoid of innervation. CTB fill of the ipsilateral projection (lowerRGCs throughout the optic pathway (cortex removed).
panel, red; asterisk) is distinct from the Isl2 labeling with -galAbbreviations: A, anterior; Cb, cerebellum; D, dorsal; LGN, lateral
(green).geniculate nucleus; OT, optic tract; OC, optic chiasm; P, posterior;
(D–D) Single eye enucleation studies in Isl2tlacZ. The panels depictPE, retinal pigmented epithelium; RGC, retinal ganglion cells; SC,
a ventral view of X-gal-stained optic chiasms from (D) unmanipu-superior colliculus; V, ventral. Scale bar  420 m in (A) and (B),
lated, (D) monoenucleated, and (D″ and D) monoenucleated mice220 m in (C), and 500 m in (D).
after full eye fill of the remaining eye with CTB. The -gal-positive
axons from Isl2 RGCs only project into the contralateral optic tract
(cOT) (D and D″); however, CTB-labeled RGC axons project into
a bicistronic mRNA to facilitate independent translation both the cOT and the ipsilateral optic tract (iOT) (D).
Abbreviations: CTB, cholera toxin subunit B; Ctx, cortex; d, dorsal;of Isl2 and tau-lacZ components of the transcript. Thus,
IGL, intergeniculate leaflet; OC, optic chiasm; ON, optic nerve; v,in these mice all -gal-positive retinal cells are Isl2
ventral. Scale bar  150 m in (B) and (C), 600 m in (D) and (D),RGCs. In the RGC layer, a subpopulation of cells are
and 300 m in (D″) and (D).heavily labeled with tau--gal and interspersed with un-
labeled cells (Figures 2A and 2B) in a pattern identical
to that obtained with in situ hybridization and immuno-
eral projections to the LGN, the major diencephalic tar-labeling for Isl2. In the VTC, the proportion of Isl2 RGCs
get of RGCs, initially overlap but segregate postnatallyis lower than elsewhere in retina (Figures 2B and 2C).
resulting by P6 in a hole in the contralateral projectionThe tau--gal protein intensely labels the axonal projec-
occupied by the ipsilateral projection (Godement et al.,tions of Isl2 RGCs throughout the optic pathway (Figure
1984). This segregated binocular projection is revealed2D). These findings validate the Isl2tlacZ mouse as a tool
by filling the two eyes with distinguishable anterogradeto study Isl2 RGCs and their axonal projections.
axon tracers, CTB conjugated to a red (Alexa 594) or
green (Alexa 488) chromophore (Figures 3A and 3B).Isl2 Selectively Marks Contralaterally
-gal immunostaining in Isl2tlacZ mice after segregationProjecting RGCs
of RGC projections into eye-specific domains reveals aIn mice, the majority of RGCs project contralaterally, but
hole in the staining pattern in the LGN that resemblesa small ipsilateral projection arises from the VTC (Figure
the hole observed in the LGN contralateral to a single3A). In the VTC, about 50% of RGCs project ipsilaterally,
eye filled with an anterograde tracer (Figure 3C). Thisand the remainder project contralaterally (Drager and
hole in the tau--gal-labeled projection of Isl2 RGCsOlsen, 1980). The decreased density of Isl2 RGCs in the
to the LGN correlates directly with the RGC projectionVTC suggests that Isl2 might selectively mark contralat-
erally projecting RGCs. In mice, contralateral and ipsilat- labeled with CTB injected into the ipsilateral eye (Figure
Cell
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3C). This finding suggests that Isl2 RGCs only project
contralaterally.
To confirm that Isl2 RGCs only project contralaterally,
we performed two sets of experiments. First, we ana-
lyzed the laterality of RGC projections in normal and
unilaterally enucleated Isl2tlacZ mice. Examination of the
OC in X-gal stained normal Isl2tlacZ mice shows strong
-gal labeling of both ONs and OTs (Figure 3D). How-
ever, filling only one eye with CTB labels a single ON
and reveals the large projection into the contralateral
OT and the small projection into the ipsilateral OT (data
not shown). To demonstrate the laterality of Isl2 RGCs,
we removed one eye on P2 or P8 and 2 to 8 days later
did X-gal histochemistry or immunostaining for -gal to
label selectively the projections of Isl2 RGCs and filled
the remaining eye with CTB to label the projections of
all RGCs. Examination of wholemounts and sections of
unilaterally enucleated Isl2tlacZ mice reveals that -gal-
positive axons of Isl2 RGCs cross the ventral diencepha-
lon where the OC would normally form and project exclu-
sively into the contralateral OT (Figures 3D and 3D″ and Figure 4. Ipsilaterally Projecting RGCs Do Not Overlap with Isl2-
Positive RGCsdata not shown). In contrast, CTB labeling reveals both
Flat mount of an X-gal-stained Isl2tlacZ retina showing fascicles (OF)this large crossed retinal projection and the smaller reti-
of -gal-positive axons of Isl2 RGCs coursing through the optic fibernal projection into the ipsilateral OT (Figure 3D). These
layer (OFL) to the optic disc (OD). A diminished number of -gal-anterograde labeling studies show that Isl2 selectively
positive axons originating from the ventral temporal quadrant of
marks a subpopulation of contralaterally projecting retina is evident, due to the decreased number of Isl2 RGCs in the
RGCs. VTC. The OF become progressively thicker more centrally in retina
In the second set of experiments, we used retrograde as more -gal-positive axons join them. Dashed lines represent the
dorsoventral position of cross-sections shown in (C) (top line) andlabeling of RGCs with rhodamine beads injected into
(D) (bottom line).the superior colliculus (SC) of Isl2tlacZ mice. The SC was
(B–D) Cross-sections through retinas from Isl2tlacZ animals at postna-chosen because virtually all RGCs project to it. Examina-
tal day P10. RGCs are labeled retrogradely with rhodamine beads
tion of retinal flat mounts from Isl2tlacZ mice processed for (red) injected into the superior colliculus, and Isl2 RGCs are labeled
-gal histochemistry reveals dense fascicles of axons with a -gal antibody (green). Sections are counterstained with DAPI
extending from Isl2 RGCs toward the optic disk; the (blue) to visualize cell nuclei.
(B) Low magnification view depicts layers in retina; boxed regionfascicles become progressively thicker centrally as
represents layers shown in (C) and (D).more RGC axons contribute to them (Figure 4A). These
(C) High magnification of a retina contralateral to the bead injection:axon fascicles cut in cross-section, as well as the Isl2
retrograde bead labeling in Isl2-positive RGCs (arrow) as well as in
RGCs that give rise to them, are revealed by -gal immu- Isl2-negative RGCs (open arrowhead) is detectable. Large green
nostaining of transverse sections through retinas from profiles superficially are OFs of -gal-positive axons of Isl2-express-
Isl2tlacZ mice (Figures 4B and 4C). A proportion of the ing RGCs coursing through the OFL, cut in cross-section.
(D) High magnification of a retina ipsilateral to the bead injection.-gal-positive Isl2 RGCs throughout contralateral retina
In the VTC no double labeled RGCs are detected, i.e., RGCs withare labeled with rhodamine beads (Figure 4C). However,
red bead labeling (open arrowhead) do not overlap with green-in retina ipsilateral to the injected SC, bead-labeled
labeled -gal-positive Isl2 RGCs (solid arrowhead). Large OFs of
RGCs are only found in the VTC and all are singly labeled
-gal-positive axons as in (C) are not seen because this section is
with either rhodamine beads or -gal (Figure 4D). These from peripheral retina. Similar results are obtained in Isl2tlacZ mice
studies show that Isl2 marks a subpopulation of contra- injected and examined at earlier postnatal ages.
Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL,laterally projecting RGCs throughout retina, including
inner plexiform layer; OD, optic disk; ONL, outer nuclear layer; OPL,the VTC, and that Isl2 does not mark ipsilaterally pro-
outer plexiform layer; T, temporal; V, ventral. Scale bar  750 mjecting RGCs.
in (A), 50 m in (B), and 20 m in (C) and (D).
Onset of Isl2 Expression in the VTC and Relationship
between Isl2, Zic2, and EphB1-Positive RGCs ined the timing of Isl2 expression in the VTC relative to
Zic2 and whether or not Isl2-, Zic2-, and EphB1-positiveZic2 and EphB1 expressed by RGCs in the VTC control
their decision to project ipsilaterally at the OC; mice RGCs are distinct or overlapping.
We first examined the timing of Isl2 expression, specif-hypomorphic for Zic2 (Zic2kd/kd) or deficient for EphB1
have substantially diminished ipsilateral projections ically its onset in the RGC layer of the VTC, using in situ
hybridization (Figure 5) and immunostaining (data not(Herrera et al., 2003; Williams et al., 2003). Based on our
findings above and roles for Isl2 in specifying subtypes shown), which yielded similar findings. Isl2 expression
is first detected in the VTC at E13.5, but compared toof spinal motor neurons (Thaler et al., 2004), we hypothe-
size that Isl2 specifies the laterality of projections of a more central retina, expression is weak (data not shown).
By E14.5, moderate levels of Isl2 expression are de-class of RGCs and their axon pathfinding decision at
the OC by repressing an ipsilateral growth program po- tected in the VTC, and dense clusters of silver grains
indicate that a proportion of VTC RGCs express Isl2tentially involving Zic2 and EphB1. Therefore, we exam-
Isl2 Represses Ipsilateral RGC Pathfinding
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that all are RGCs (Figure 6A). At E17.5, counts in the
region of overlap between Isl2 and Zic2 RGCs in the
VTC show that the two subsets of RGCs are entirely
distinct (Figure 6B). Similarly, Isl2 RGCs are entirely dis-
tinct from those that express EphB1 in the VTC, where
EphB1 expression is high; in more central retina, where
the density of EphB1 RGCs is low at these ages, Isl2
RGCs are also entirely distinct from EphB1 RGCs (Figure
6C). In contrast, in the VTC, 89% of Zic2 RGCs colabel
for EphB1, indicating a near-complete overlap between
the two populations (Figure 6D). These findings are con-
sistent with a mechanism in which Isl2 controls the later-
ality of RGC projections by repressing Zic2 and/or
EphB1.
Isl2-Null Mice Have an Increased
Ipsilateral Projection
To assess Isl2 function in controlling the laterality of
RGC projections, we analyzed mice with a null mutation
in the Isl2 gene (Thaler et al., 2004). Analyses were done
on P0 or earlier because essentially all Isl2-null pups die
within 24 hr of birth. Histological examination of retina
at embryonic ages and P0 and apoptotic cell death mon-
itored by TUNEL staining at P0 during the peak of RGC
cell death (Erkman et al., 2000) reveal no differences
between wt and Isl2-null littermates (data not shown).
In addition, the cross-sectional areas of transverse sec-
tions through the ON, a reliable indicator of the number
of RGCs and their axons (O’Leary et al., 1986), show noFigure 5. Onset of Isl2 Expression in the VTC
difference between wt and Isl2-null littermates at E16.5
Coronal sections of retina after in situ hybridization with an S35-
and P0 (data not shown). These findings indicate thatlabeled antisense probe against Isl2 (counterstained with DAPI)
Isl2 mutants have a normal number of RGCs that extendshowing expression at E14.5 (A), E15.5 (B), and E17.5 (C). (A)–(C)
axons through the ON to the brain.show the ventral temporal half of retina; (A)–(C) show a higher
magnification view of the periphery including VTC (arrows, [A]–[C]). To analyze potential alterations in the laterality of RGC
Isl2 expression is evident in RGC layer of the VTC at each age. projections, double anterograde axon labeling was done
Arrowheads in (A) and (A) mark clusters of silver grains overlying in P0 wt and Isl2-null littermates. Although P0 is before
cells in the RGC layer of the VTC. The convex arrowheads in (A)–(C)
ipsilateral and contralateral projections segregate in themark the peripheral end of the RGC layer abutting the ciliary margin.
LGN, we were able to determine quantitatively the mag-Abbreviations: OD, optic disc; PE, pigmented epithelium. Scale: 0.6
nitude of the ipsilateral projection. In wt, the two eyecm  200 m in (A)–(C) and 160 m in (A)–(C).
injections label a large contralateral projection to the
LGN (Figure 7A) and a small ipsilateral projection (Fig-
ures 7A and 7A″). In Isl2 mutants, RGC axons are re-(Figures 5A and 5A). Isl2 expression in the RGC layer
of the VTC increases at E15.5 (Figures 5B and 5B) and stricted to their normal pathways and targets, and a
large contralateral projection to the LGN is observedE17.5 (Figures 5C and 5C). Herrera et al. (2003) report
that Zic2-positive cells are first detected in small num- (Figure 7B and data not shown). However, the ipsilateral
projection to the LGN is substantially increased in Isl2bers in the VTC at E14.5, peak in number around E16.5,
and are reduced in number by E18.5. Thus, onset of Isl2 mutants relative to wt (Figures 7B and 7B″).
We carried out two independent quantitative mea-expression is similar to that of Zic2 and is appropriate to
control pathfinding decisions by RGC axons at the OC. surements of the ipsilateral projection to the LGN in wt
and Isl2-null littermates: a “pixel intensity” analysis andIf Isl2 functions in laterality decisions by repressing
Zic2 and EphB1, we would expect that Isl2 is expressed a “signal threshold” analysis (see Experimental Proce-
dures); each show that Isl2-null mice have a significantlyin a subpopulation of RGCs distinct from those that
express Zic2 and EphB1, whereas Zic2- and EphB1- increased ipsilateral projection. For the pixel intensity
analysis, we measured the density of anterograde label-expressing RGCs likely overlap. To address these is-
sues, we performed immunostaining in wild-type (wt) ing of the ipsilateral projection to the LGN by quantifying
the total pixel intensity corrected for background signaland Isl2-null retina at E15.5, E16.5, and E17.5, using
antibodies specific for Isl2 (Thaler et al., 2004) and Zic2 (Figure 7C). On average, the total pixel intensity in Isl2
mutants (n  6) is significantly increased by 60% com-(Brown et al., 2003); to detect EphB1-positive RGCs,
we used -gal immunostaining in heterozygous EphB1 pared to wt littermates (n  6; p  0.01, Student’s t
test). The total pixel intensity is greater in every Isl2knockout mice in which exon 3 is replaced with lacZ
(Williams et al., 2003). mutant than in the wt with the highest level of labeling,
indicating that the increased ipsilateral projection isWe find that 100% of Zic2-positive cells in the RGC
layer colabel with the RGC marker, Brn3.2, indicating present in each Isl2 mutant analyzed.
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Figure 6. Zic2 RGCs Colocalize with EphB1,
but Isl2 RGCs Are Distinct from RGCs Posi-
tive for Zic2 and EphB1
Coronal sections of through the VTC of E15.5,
E16.5, and E17.5 retina after immunohisto-
chemistry with combinations of antibodies
specific for Isl2, Zic2, Brn3.2, and -gal (for
EphB1), shown in single channels, merged,
and higher power.
(A–A) E16.5 Zic2-positive cells (red [A]) co-
label with RGC marker Brn3.2 (green [A″];
thick arrows [A]).
(B–B) E17.5 Isl2-positive (red [B]; hollow ar-
rowheads [B]) and Zic2-positive (green [B″];
white arrowheads [B]) RGCs are distinct
populations (B).
(C–C) E17.5 Isl2-positive RGCs (red [C]; hol-
low arrowheads, [C]) and EphB1-positive
(green [C″]; arrows [C]) cells are also distinct
populations (C).
(D–D) However, Zic2 (red [D]) and EphB1
(green, [D″]) mark the same RGCs (arrows
[D], E15.5). See Experimental Procedures for
counts and ratios data and EphB1 local-
ization.
Scale bar  20 m in higher magnification
panels and 50 m for all others.
We also performed a signal-threshold analysis of the at P0 shows that no RGCs are double labeled in either
wt or Isl2-null retinas (data not shown), indicating thatproportion of pixels above background. We used the
full range of factors to define a pixel as “signal,” from individual RGCs project only ipsilaterally or contralat-
erally.a minimum value to define signal, i.e., 2 above back-
ground, to a maximum value of 5 above background, Quantification of retrograde labeling of ipsilaterally
projecting RGCs was done on the subset of cases thatat which the percentage of pixels that exceeds the
threshold for signal approached 0 in wt. Regardless had a similar size and placement of SC injections (Fig-
ures 8B and 8C) and labeling density in the contralateralof the factor used, the mean signal for Isl2 mutants is
significantly greater than that for wt (Figure 7D; for all retina. Two distinct quantitative analyses were done on
wholemount retinas from five wt and five Isl2-null P0factors p  0.05). In summary, two independent quanti-
tative measurements show that the ipsilateral projection mice: an automated pixel intensity threshold analysis to
determine the amount of retrograde labeling by quantify-is significantly increased in Isl2 mutants, indicating that
Isl2 has a role in specifying the laterality of RGC projec- ing the number of pixels above a background threshold
level of labeling intensity (see Experimental Procedures)tions.
and manual counts of retrogradely labeled RGCs. The
mean for pixel intensity threshold analyses of the contra-Significantly More RGCs Project Ipsilaterally in Isl2-
Null Mice but Remain Restricted to the VTC lateral retinas of wt and Isl2 mutants was within 2%
(difference not significant). In contrast, the mean numberBecause Isl2 RGCs are found across the entire retina,
it is possible that the increased ipsilateral projection in of pixels above threshold in the VTC of retinas ipsilateral
to the SC injections in Isl2 nulls (3542  886) is signifi-the Isl2 mutants is due to an abnormal contribution from
RGCs outside the VTC. To determine the distribution cantly increased (p  0.05) by 122% compared to wt
(1593  162) (Figure 8F). Similarly, the number of retro-and number of RGCs that contribute to the ipsilateral
projection in Isl2-null mice compared to wt, we retro- gradely labeled RGCs in the VTC of Isl2 nulls (1028 
153) is significantly increased (p  0.05) by 80% com-gradely labeled RGCs by injections of DiI made unilater-
ally into anterior SC in P0 wt and Isl2-null littermates pared to wt (571 103) (Figure 8G). These findings show
that the increased ipsilateral projection in Isl2 mutants(Figures 8A–8C). Analyses of retinal wholemounts show
a high density of retrogradely labeled RGCs throughout originates from a significantly greater number of RGCs,
but that they are limited to the VTC, as in wt.the contralateral retina in both wt and Isl2 mutants, ex-
cept the VTC, which has a lower density (data not
shown). In retina ipsilateral to the injected SC, retro- VTC of Isl2-Null Retina Has Increased
Expression of Zic2 and EphB1 and Significantlygradely labeled RGCs are almost exclusively restricted
to the VTC in both wt (n  17) and Isl2 mutants (n  17) More Zic2 RGCs
Our findings suggest that Isl2 represses an ipsilateral(Figures 8D and 8E). Double retrograde labeling using
fluorescein and rhodamine beads injected into each SC axon pathfinding program that involves Zic2 and EphB1.
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expression in the periphery of the RGC layer of VT retina
in a domain similar to that of Zic2 in the VTC and low
expression across the rest of retina (Figures 9C and 9C
and data not shown). In Isl2-null littermates, EphB1 is
expressed in the VTC at a higher level than in wt (Figures
9D and 9D). Outside the VTC, EphB1 expression is also
elevated in the rest of retina in Isl2-null mice.
To complement these expression analyses, we deter-
mined the numbers and distributions of Zic2-positive
RGCs using immunostaining on retinal sections from
E16.5 and E17.5 wt and Isl2-null littermates. Qualita-
tively, Zic2-positive RGCs in Isl2-null retina have a simi-
lar distribution to wt, limited to the VTC, but are at a
higher density. The number of Zic2-positive RGCs is
significantly increased by about 50% in Isl2-null retina
compared to wt at E16.5 (p  0.05) and by about one-
third at E17.5 (p  0.05; see Experimental Procedures
and Figure 9). The increased number of Zic2 RGCs, and
the increased expression of Zic2 and EphB1 in the VTC
of Isl2-null retina, provide genetic and cellular mecha-
nisms to account at least in part for the increased ipsilat-
eral projection in Isl2-null mice. These findings support
a model in which Isl2 represses Zic2 and EphB1 and
regulates the magnitude of the ipsilateral projection.
Statistical analyses of the distributions of Zic2 RGCs
at E17.5 show that despite their increased number in
Isl2-null retina, the peripheral to central extent of their
distribution is not expanded compared to wt (Figure 9E),
consistent with the distribution of retrogradely labeled,
ipsilaterally projecting RGCs at P0 (Figures 8D and 8E).
This latter finding suggests that the VTC is a genetically
distinct part of retina and that retina is comprised of
two unique domains, the VTC and the rest of retina.
Discussion
Isl2 Selectively Marks Contralaterally Projecting
Figure 7. Ipsilateral RGC Projection Is Increased in Isl2-Null Mice
RGCs and Specifies Laterality Pathfinding
Coronal sections through the lateral geniculate nucleus (LGN) at
Decisions by VTC RGCspostnatal day P0 after double full eye fills with two colors in wt
The goal of this study was to define genetic mechanisms(A–A″) and Isl2/ mice (B–B″). Sections are shown in caudal to
autonomous to RGCs that specify the laterality of theirrostral order; dorsal is up. Isl2/ mice show an increased ipsilateral
projection to the LGN (B–B″) compared to wt (A–A″). axonal projections to the brain. The laterality of RGC
(C–D) Quantification of expanded LGN using two different methods. axons results from their pathfinding decision at the mid-
(C) Total pixel intensity: individual cases are plotted, along with line OC that determines the magnitude and source of
mean and standard error of the mean (SEM) for wt (square) and
the ipsilateral retinal projection to the brain, forming theIsl2/ (circle); all Isl2-null mice have a significantly higher total pixel
primary basis for binocular vision. Our findings demon-intensity compared to wt, with no overlap between the two popula-
strate a prominent role for Isl2 in specifying RGC later-tions (n  6, p  0.01).
(D) Percentage of pixels above maximum range of threshold factors: ality.
pixel percentages are plotted at 2–5 times greater than background In mice, the majority of RGC axons projects to contra-
level; Isl2/ percentages are higher than wt, independent of thresh- lateral visual centers in the brain, with ipsilaterally pro-
old level selected (n  6, p  0.05). See Experimental Procedures
jecting RGCs limited to the VTC. We show that Isl2 isfor methods.
expressed by a subpopulation of RGCs distributedAbbreviations: d, dorsal; v, ventral. Scale bar  200 m.
across the entire retina, including the VTC. Analyses of
Isl2tlacZ mice in which Isl2 RGCs and their axons are
selectively labeled reveal that Isl2 RGCs, including thoseTo address this issue more directly, we analyzed expres-
sion of Zic2 and EphB1 in wt and Isl2-null littermates at in the VTC, project only to contralateral visual targets.
We show that in the VTC, the TF Zic2 and the guidanceE15.5 and E17.5, complemented with counts of Zic2-
positive RGCs in wt and Isl2-null littermates at E16.5 receptor EphB1, which are required for RGCs to project
ipsilaterally (Herrera et al., 2003; Williams et al., 2003),and E17.5.
In wt retina at E15.5 and E17.5, Zic2 expression is colocalize in a subset of RGCs distinct from Isl2 RGCs
and that the onset of Isl2 expression is similar to that ofconfined to the VTC (Figures 9A and 9A). In Isl2-null
littermates, Zic2 expression is also confined to the VTC Zic2. Our analyses of Isl2-null mice reveal a substantially
increased ipsilateral projection, arising from signifi-but is at a higher level than in wt (Figures 9B and 9B).
In wt at E15.5 and E17.5, EphB1 exhibits a moderate cantly more RGCs limited to the VTC (Figure 10A). Con-
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Figure 8. Increased Ipsilateral Projection in
Isl2-Null Mice Originates from a Significantly
Greater Number of RGCs Limited to the VTC
(A) Schematic of retrograde labeling: injection
site (DiI) in the superior colliculus (SC), path-
way of the labeled RGC axons (red dashed
line), contralateral retina, and ipsilateral retina
with the VTC.
(B and C) Injection sites (arrowheads) in the
SC in wt (B) and Isl2/ (C) mice at postnatal
day P0. Dashed lines indicate midline.
(D and E) Corresponding flat-mounted ipsilat-
eral retina from wt (D) and Isl2/ mice (E)
showing the backfilled RGCs. In Isl2/ retina,
more cells are labeled compared to wt, but
remain largely limited to the VTC (arrow).
(F) Histogram showing that the mean number
of pixels above a background threshold level
of retrograde labeling intensity in the VTC of
Isl2/ (black, n  5) is significantly increased
(by 122%, p  0.05) compared to wt (white,
n  5).
(G) Histogram of number of ipsilaterally projecting RGCs retrogradely labeled in ipsilateral VTC of Isl2/ (black, n  5) and wt (white, n  5).
Mean number is significantly increased in Isl2/ (by 80%, p  0.05) compared to wt. Same cases are quantified in (F) and (G).
Abbreviations: Ctx, cortex; IC, inferior colliculus. Scale bar  600 m in (B) and (C) and 400 m in (D) and (E).
sistent with these findings, Isl2-null retina has signifi- the VTC (Williams et al., 2003). The similarities in laterality
phenotypes in Zic2kd/kd and EphB1 mutant mice and ourcantly more Zic2 RGCs than wt and, as in wt, are
demonstration that virtually all Zic2 RGCs are alsorestricted to the VTC. These findings show that Isl2 has
EphB1 positive suggest that Zic2 positively regulatesa prominent role in determining the laterality of RGC
EphB1, resulting in high expression of EphB1 in the VTC.projections. Because Isl2 is expressed by RGCs, but
It follows, then, that the decreased ipsilateral projectionnot along the visual pathway or in central targets of
in Zic2kd/kd mice is due to diminished Zic2 activation ofRGCs, Isl2 likely acts autonomously in RGCs to specify
EphB1, resulting in reduced EphB1 expression in VTCtheir laterality.
RGCs and fewer RGC axons repelled into the ipsilateralWe draw two major conclusions from our findings:
OT by ephrin-B2 at the midline OC (Figure 10B); how-first, that Isl2 represses a genetic program unique to
ever, changes in EphB1 expression have not been re-RGCs in the VTC that involves Zic2 and EphB1 and
ported in Zic2kd/kd mice.controls the pathfinding decision of RGC axons to pro-
Our findings indicate that Isl2 normally represses Zic2ject ipsilaterally at the OC, and second, that RGCs in
expression in RGCs in the VTC and either directly re-the VTC have a unique competence to project ipsilater-
presses EphB1 expression or indirectly through repres-ally and are genetically distinct from RGCs in the rest
sion of Zic2 and that the increased ipsilateral projectionof retina.
in Isl2-null mice is due to a loss of this repression and
upregulation of Zic2 and EphB1 (Figure 10B). This model
Complementary Laterality Phenotypes in Isl2, Zic2, is consistent with several pieces of data. First is the
and EphB1 Mutants: Implications for a Genetic timing of expression of Isl2 and Zic2 in VTC RGCs. The
Hierarchy Regulating Midline Axon Pathfinding onset of Isl2 expression in VTC RGCs is similar to that
Mice hypomorphic for Zic2 (Zic2kd/kd mice; Herrera et al., of Zic2: we detect weak Isl2 expression in the VTC as
2003) or null for EphB1 (Williams et al., 2003) have a early as E13.5, and moderate levels of Isl2 expression
substantially diminished ipsilateral projection (Figure are evident by E14.5, the age when Zic2 expression in
10A). The expression patterns of Zic2 and EphB1 are VTC RGCs is first detected (Herrera et al., 2003). Second,
consistent with their proposed roles in controlling later- Zic2 and EphB1 colocalize in a subset of RGCs distinct
ality decisions by axons of VTC RGCs. In the RGC layer, from Isl2 RGCs. Third, we find increased expression
Zic2 is only expressed in the VTC; Zic2-positive RGCs of Zic2 and EphB1 and a significant increase in Zic2-
are first detected at E14.5, peak in number around E16.5, positive RGCs in the VTC of Isl2-null retina. Fourth, the
and by E18.5 are declining in number (Herrera et al., laterality phenotype of Isl2-null mice complements that
2003). The downregulation of Zic2 expression in VTC of Zic2kd/kd and EphB1 mutants.
RGCs is coincident with the pathfinding decision of their The first RGC axon growth cones reach the OC around
axons at the OC. Although Zic2 is also expressed in the E12.5, and a very small proportion project into the ipsilat-
pathway and targets of RGCs, including the OC, the eral OT (Colello and Guillery, 1990; Godement et al.,
overall data of Herrera et al. (2003) provide a compelling 1990; Sretavan, 1990; Plump et al., 2002). These early
argument that Zic2 activates an ipsilateral pathfinding ipsilateral axons are transient and arise from RGCs in
program in RGCs and its expression in RGCs is suffi- dorsal-central retina suggested to express EphB1 (Wil-
cient for them to project ipsilaterally, an interpretation liams et al., 2003). We find that, as in the VTC, outside
strengthened by our findings. the VTC Isl2 RGCs and EphB1 RGCs are distinct popula-
tions in wt and that Isl2 mutants have increased EphB1At embryonic ages, EphB1 is most highly expressed in
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575
expression outside the VTC. These findings indicate that
Isl2 represses EphB1 expression in a subset of RGCs
throughout retina. Since Zic2 is only expressed in VTC
RGCs in wt and Isl2 mutants, Isl2 can repress EphB1
expression independent of its repression of Zic2. Fur-
ther, because Zic2 RGCs are limited to the VTC (Herrera
et al., 2003), it is likely that Zic2 is not required for EphB1
expression outside the VTC (present study).
Ipsilaterally projecting RGC axons from the VTC reach
the OC around E13.5 to E14.5 (Colello and Guillery, 1990;
Godement et al., 1990; Sretavan, 1990; Sretavan and
Reichardt, 1993; Marcus et al., 1995; Plump et al., 2002).
In the VTC, only ipsilaterally projecting RGCs are gener-
ated at E11.5 and E12.5. Between E13.5 and E16.5, both
ipsilaterally projecting and contralaterally projecting
RGCs are generated in the VTC, whereas only contralat-
erally projecting RGCs are generated in the rest of retina
(Drager, 1985). VTC RGCs generated on E11.5 and E12.5
must be Isl2 negative since they only project ipsilaterally.
In contrast, RGCs born between E13.5 and E16.5 should
be a mix of Isl2-positive RGCs and Zic2-positive RGCs
because they project contralaterally and ipsilaterally,
respectively. Therefore, based on the time of arrival of
growth cones at the OC, the onset of Isl2 expression,
and the report that only later generated RGCs in the
VTC project contralaterally, the increased ipsilateral pro-
jection in Isl2-null mice must be due to a change in the
laterality of the pathfinding decision of later generated
RGCs in the VTC that are Isl2 positive in wt mice.
Mouse Retina Is Comprised of Two Distinct
Domains that Relate to Roles for Isl2
and Zic2 in Controlling RGC Laterality
Findings relating RGC birthdates to their laterality and
the expression patterns of Isl2 and Zic2 suggest a model
in which retina is comprised of two distinct domains of
RGCs, an ipsilateral domain, i.e., the VTC, with a default
mechanism to project ipsilaterally, and a contralateral
domain comprised of the rest of retina that has a default
mechanism to project contralaterally (Figure 10C). At
E11.5 and E12.5, retina can be subdivided into two dis-
tinct domains based on differences in the generation of
RGCs that will later project only ipsilaterally, the VTC,Figure 9. VTC of Isl2-Null Retina Has Increased Expression of Zic2
and EphB1 and Significantly More Zic2-Positive RGCs. or contralaterally, the rest of retina (Drager, 1985).
Coronal sections of E15.5 and E17.5 retina from wt (A and C) and Strong support for the concept that the VTC is a genet-
Isl2/ mice littermates (B and D) after in situ hybridization with S35- ically distinct domain is that the increased numbers of
labeled antisense probes against Zic2 (A and B) and EphB1 (C and Zic2 RGCs in Isl2-null retina have the same distributions
D) stained with DAPI. Dorsal is up for all panels showing entire retina. as in wt, being restricted to the VTC. In addition, the
Expression of Zic2 in wt and Isl2/ mice at E15.5 (A and B) and E17.5
increased ipsilateral projection in Isl2-null mice arises(A and B): in Isl2/ mice, Zic2 is upregulated exclusively in the VTC
from a substantially increased number of RGCs, but(arrowheads, higher magnification) at both developmental stages. Ex-
pression of EphB1 in wt and Isl2/ mice at E15.5 (C and D) and E17.5 again they appear to be limited to the VTC. Zic2 confers
(C and D): in Isl2/ mice, EphB1 is strongly upregulated in the VTC the default for VTC RGCs to project ipsilaterally. Other
and moderately in the RGC layer outside the VTC. TFs likely act similarly to Zic2, at least for the earlier
(E) Histogram of counts of Zic2-immunostained RGCs in peripheral RGC laterality decisions at the OC because they are
ventral temporal retina of E17.5 wt (n  4) and Isl2/ (n  4) mice
made before Zic2-positive RGCs are detected (Herrerabinned according to the peripheral to central location. Significantly
et al., 2003). The expression of Isl2 in a subset of latermore Zic2 RGCs are found in each of the first five bins in Isl2/
compared to wt (0–1000 m; p  0.05 for each bin). The number of generated RGCs in the VTC—the majority of VTC RGCs
Zic2 RGCs outside 1000 m is not significantly different between are generated at E13.5 and later, after the onset of Isl2
wt and Isl2/. At E17.5, the total number of Zic2 RGCs in Isl2/ expression—represses the default to project ipsilater-
(1706  100; n  4) is significantly increased (p  0.05) compared ally, resulting in these RGCs to project contralaterally.
to wt (1334  55; n  4). See Experimental Procedures.
Which TFs confer the default in the rest of retina toAbbreviations: OD, optic disc; PE, retinal pigmented epithelium.
project contralaterally is unknown; Isl2 may be involved,Scale bar 400 m in full retina panels and 160 m in VTC magnifi-
cations. but our findings show that it is not required since RGCs
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Figure 10. Proposed Genetic Hierarchy Con-
trolling RGC Laterality and Model of Geneti-
cally Unique Domains in Retina
(A) In wt mice, ipsilaterally projecting RGCs
are restricted to the VTC (red dots) whereas
contralaterally projecting RGCs are found
throughout retina, including the VTC. Isl2
RGCs account for one-third of all RGCs (blue
dots), are distributed throughout retina, and
only project contralaterally. Isl2/ mice have
a significantly increased ipsilateral projection
arising from significantly more RGCs com-
pared to wt, but they remain restricted to the
VTC as in wt. In Zic2 hypomorphic mice
(Zic2kd/kd), as well as in EphB1/ mice, the
ipsilateral projection is substantially reduced.
(B) Our findings show that in the VTC, Isl2
represses an ipsilateral axon pathfinding pro-
gram, which involves repression of Zic2 as
well as EphB1, either directly or through re-
pression of Zic2. We conclude that in wt, Zic2
determines the source of the ipsilateral pro-
jection by activating an ipsilateral axon path-
finding program including EphB1, and Isl2
acts upstream to repress Zic2 to determine the proportion of RGCs in the VTC that project ipsilaterally versus contralaterally. Isl2 repression
of the ipsilateral RGC pathfinding program results in contralaterally projecting RGCs in the VTC. In the absence of Isl2, repression of Zic2
and EphB1 is eliminated, and additional RGCs in the VTC are Zic2 and EphB1 positive and project ipsilaterally. We predict that in Zic2kd/kd
mice, the ipsilateral projection is diminished due to a reduction in its induction of EphB1. Our findings suggest that Isl2 is not required for
RGCs to project contralaterally; the contralateral axon pathfinding program is specified by unknown regulatory proteins, but may be redundant
with Isl2 in a subset of RGCs. Red arrows indicate increases (up) or decreases (down).
(C) Our findings suggest two genetically distinct domains in mouse retina: a domain with a default to project ipsilaterally, the VTC, and a
domain comprised of the remainder of retina with a default to project contralaterally.
In Situ Hybridizationin the contralateral domain project contralaterally in Isl2-
S35-labeled and digoxigenin antisense riboprobes were synthesizednull mice.
from the following: full-length rat Isl2 cDNA clone (1298 bp; Thaler
et al., 2004), a 682 bp fragment (complete exon 3) of mouse EphB1
cDNA (nucleotides 166–847, from M. Henkemeyer), and a 721 bp
Conclusions fragment of mouse Zic2 cDNA (nucleotides 456–1176). In situ hybrid-
The present study establishes a genetic hierarchy speci- izations were performed on 20m cryosections as described (Brown
fying RGC laterality and the control of RGC axon path- et al., 2000) and DAPI stained.
finding at the OC. Our findings, together with those of
Herrera et al. (2003), lead us to conclude that Zic2 deter- Immunohistochemistry, TUNEL, BrdU Labeling
E10.5–E16.5 mice were immersion fixed in 4% paraformaldehydemines the source of ipsilateral projections by activating
(PFA); E17.5 and older mice were perfused with PFA. Tissues werean ipsilateral axon pathfinding program and that Isl2 acts
cryosectioned as described (Thaler et al., 2004). Primary antibodiesupstream to repress Zic2 to determine the proportion of
for Isl2 (guinea pig, 1:8000 dilution; Thaler et al., 2004), Zic2 (rabbit,
RGCs in the ipsilateral source, the VTC, that project 1:20,000; Brown et al., 2003), Brn3.2 (goat, 1:200; Santa Cruz; Xiang,
ipsilaterally versus contralaterally. Isl2 repression of 1998), and -gal (rabbit, 1:8000; Cappel) were visualized using spe-
Zic2 and the ipsilateral RGC pathfinding program results cies-specific secondary antibodies conjugated to Alexa-594 and
Alexa-488 (Molecular Probes). To detect EphB1 RGCs, we usedin contralaterally projecting RGCs in the VTC. Through
-gal immunostaining in heterozygous mice in which exon 3 ofthis hierarchical genetic interaction, the part of retino-
EphB1 is replaced with lacZ (Williams et al., 2003). Apoptosis wastopic map, and therefore the visual field, that partici-
assessed with the in situ cell death detection kit (Roche). BrdU
pates directly in binocular vision and the degree of bin- was injected i.p. (10 l/g weight); 1–2 hr later, mice were fixed and
ocular interactions is regulated. prepared for Isl2 immunohistochemistry. To detect BrdU, sections
were refixed in 4% PFA, incubated in 2N HCl for 30 min at 37	C:
primary BrdU antibody was applied (1:100, Accurate) and visualized
Experimental Procedures with FITC-conjugated anti-rat secondary antibody (1:250, Jackson
Laboratory).
Mice
Analyses were done blind to genotype and according to institutional
Quantitation of Immunolabeled Cellsguidelines and protocols. Morning of the vaginal plug is E0.5; the
Immunolabeled cells were counted on sections and expressed asfirst neonatal day is P0. Isl2tlacZ and Isl2 knockout mice were made
corrected absolute numbers or as percentages. To quantify Zic2and genotyped as described (Thaler et al., 2004).
immunostained cells at E17.5, total numbers of labeled cells in the
RGC layer were counted in every section through wt (n  4) and
Isl2-null (n  4) retinas. Counts were corrected for double countingMicroscopy
Digital images were obtained with a Zeiss LSM 510 confocal micro- using a stereological correction factor N  (nT)/(T
D), where N is
corrected number of cells, n is number of profiles (nuclei) counted,scope, a Q-Imaging Retiga-EX digital camera on a Nikon Microphot-
FX microscope, or a Zeiss SV Micro digital camera on a Zeiss SV11 T is section thickness (18 m), and D is average diameter of the
labeled nucleus (Abercrombie, 1946; Guillery and Herrup, 1997). Todissecting microscope.
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determine the percentage increase of Zic2-positive RGCs in Isl2- method to determine absolute levels of retrograde labeling) and
direct cell counts. Data is normalized for slight differences in injec-null versus wt at E16.5, Brn3.2-positive RGCs were localized in the
RGC layer of the VTC and scored whether they were colabeled with tion sizes. The pixel intensity threshold analysis was done on digital
images of flat-mounted retinas normalized for the full grayscaleZic2; the proportion of colabeled RGCs was compared between
genotypes. Zic2-positive cells were compared to Brn3.2-positive spectrum using Photoshop, then analyzed for number of pixels with
an intensity level above background for equivalent areas acrosscells at E16.5 in the RGC layer of the VTC of wt and Isl2-null. Counts
were done in two cases for each labeling combination: in wt, 42 retinas using Image J (NIH image website). Background was sub-
tracted using the rolling ball filter (radius 5; Muir-Robinson et al.,Zic2 RGCs in a field of 209 Brn3.2 (20% Brn3.2-positive RGCs were
also Zic2 positive); in Isl2-null, 66 Zic2 RGCs in a field of 207 Brn3.2 2002). Threshold was adjusted similarly for each image.
RGCs (32% Brn3.2-positive RGCs are also Zic2 positive).
For determining the percentage of cells colabeled using various Acknowledgments
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